Abstract Uranium certified reference materials (CRM) issued by New Brunswick Laboratory were subjected to dating using four independent uranium-series radiochronometers. In all cases, there was acceptable agreement between the model ages calculated using the 231 U model date (CRM 125-A and CRM U630), or the known purification date (CRM U050 and CRM U100). The agreement between the four independent radiochronometers establishes these uranium certified reference materials as ideal informal standards for validating dating techniques utilized in nuclear forensic investigations in the absence of standards with certified model ages for multiple radiochronometers.
Introduction
In nuclear forensic investigations, radiochronometry plays a crucial role in establishing a timeline by determining the model age or model production date of interdicted nuclear material, which can serve as a predictive signature to determine possible origins of the material. During the production of nuclear material, the base nuclear material is chemically purified from ingrown progeny isotopes at some point in time. For age dating purposes, the date on which the most recent purification occurred is generally termed the production date. Determining the model production date of nuclear material is accomplished by measuring the relative abundances of parent-progeny isotope pairs in a radioactive decay chain and then modelling the amount of time elapsed since the material's last purification (i.e. model age) that is required to produce the measured relative abundances of the isotope pair using Bateman equations of radioactive decay. If the half-lives of the radionuclides of interest are known, then the model age and production date of the material can be accurately calculated. Radiochronometry of nuclear materials can only provide model ages and model production dates because the determination of the age of nuclear materials is based on two important assumptions: (1) during the purification of the base nuclear material, the parent isotopes (e.g. 234 U, 235 U) are completely separated from their progeny isotopes (e.g. 231 Pa, 230 Th, 227 Ac, 226 Ra) and (2) that after its purification the bulk nuclear material has behaved as a closed-system such that no parent or progeny isotopes have been lost or gained by any process other than radioactive decay. When these two assumptions hold true, the model age can be used to accurately determine the production date of the nuclear material, i.e. the date on which the nuclear material was last purified. However, there are many instances of model production dates determined for nuclear materials that do not agree with the known production date of the material (e.g. [1] [2] [3] ), indicating that the model assumptions are often not met in nuclear materials. In most cases the disagreement can be attributed to an excess of progeny isotopes due either to incomplete purification during the production of the material or to contamination of the progeny isotopes post-production. In both instances, the determined model age would be older than the known production date.
Applying multiple radiochronometers to a sample with an unknown production date can provide insight into how well the sample history adheres to the model assumptions. For instance, concordant model ages determined by multiple radiochronometers such as 230 Th-234 U and 231 Pa- 235 U provides strong evidence that the model assumptions hold true and that the calculated model production date accurately represents the date that the sample was last purified. If multiple radiochronometers provide discordant model ages then it implies that the sample's history did not adhere to the model assumptions and that one, or all, of the model production dates are inaccurate. In cases where discordant model ages have been observed, the disagreement is generally attributed to incomplete purification of at least one of the progeny isotopes during the production of the material or to contamination post-production [2] [3] [4] [5] . Thus, the application of multiple radiochronometers can enable a more robust interpretation of model ages and sample process history as well as constrain the maximum age of a sample in a nuclear forensic investigation.
In uranium materials, the 230 Th-234 U chronometer is the most widely utilized chronometer due to the relatively high abundance of ingrown 230 Th and the availability of 229 Th and 232 Th monoisotopic tracers used to make accurate concentration measurements via isotope dilution mass spectrometry. Application of the 231 Pa-235 U chronometer in nuclear forensics is sparsely documented in the openliterature (e.g. [2, 6, 7] ), partly because of the challenges associated with regularly producing and calibrating 233 Pa isotope dilution tracers which have a working lifetime of * 3-4 months due the relatively short half-life of 233 U chronometers in all four of the NBL CRMs analyzed. These uranium reference materials can therefore be utilized by the nuclear forensics community as quality control standards to validate methods used to determine model ages of unknown samples using these four, independent uranium-series radiochronometers.
Experimental
The methods applied in this study have been described in detail in previous publications [1] [2] [3] [4] and are only briefly summarized here. The NBL CRMs analyzed in this study were initially prepared for previous radiochronometry studies. Two dissolutions of CRM 125-A (#1 and #2) and CRM 630-A (#1 and #2) were prepared by Eppich et al. [2] . A third dissolution of CRM 125-A (#3) was prepared for the current study. Two dissolutions of CRM U050 (#1 and #2) were prepared by Gaffney et al. [4] and two dissolutions of CRM U100 (#1 and #2) were prepared by Kayzar and Williams [3] . Primary dissolutions were prepared and stored in Teflon Ò labware under acidic conditions (* 2 M HNO 3 ? 0.1 M HF) with uranium concentrations in solution between 1000 and 10,000 lg g [3] .
After the addition of the isotope tracers, the samples were purified for the elements of interest through multiple steps of column chromatography. Radium and actinium where purified following the procedures described by Kayzar and Williams [3] for uranium materials. Protactinium was purified following the procedures described by Eppich et al. [2] with the only modification to the procedure being that silica gel was used in place of quartz wool for the final purification steps. The procedures used for purifying the uranium and thorium fractions are described in detail by Williams and Gaffney [1] and Gaffney et al. [4] . The purified fractions of each element were then dissolved in 2% HNO 3 for U and Ra analyses and 2% HNO 3 ? 0.005 M HF for Th, Pa, and Ac analyses. All analyses were made on a Nu Plasma HR MC-ICPMS at LLNL following previously described methods [1] [2] [3] [4] . Samples were introduced to the plasma with a Cetac Aridus II desolvating nebulizer. Instrumental mass fractionation and ion counter gains were quantified and corrected for by bracketing the analyses of unknown samples with analyses of NBL CRM U100 and applying the exponential mass fractionation law. This correction procedure assumes that the instrumental mass fractionation for Th, Pa, Ra, and Ac is identical to that of U. Quality control of the instrumental mass fractionation and ion counter gain corrections was assured through repeated uranium isotope ratio analyses of NBL CRM U005-A which yielded results that agreed with the certified values.
Model ages were calculated by iteratively solving full Bateman equations [8] of the uranium-series decay chain down to 227 Ac and 226 Ra for the 235 U and 238 U series, respectively. Following the notation of Moody et al. [7] , for a sample that contains only parent isotopes at time zero (t = 0), the general solution for the number of atoms of a given isotope in a radioactive decay chain is given by
where N n is the number of atoms of the nth isotope generated in a decay chain after some time (t), k n is the radioactive decay constant for the nth isotope, and 234 U concentration is used in the model age calculations. The radioactive decay constants used for the calculations are k 235 = (9.8485 ± 0.0135) 9 10 -10 years (2r), k 234 = (2.8263 ± 0.0056) 9 10 -6 years (2r), k 231 = (2.1158 ± 0.0071) 9 10 -5 years (2r), k 230 = (9.158 ± 0.028) 9 10 -6 years (2r), k 227 = (3.184 ± 0.001) 9 10 -2 years (2r), and k 226 = (4.332 ± 0.019) 9 10 -4 years (2r) [9] [10] [11] . Finally, the model production date is calculated by subtracting the model age from the reference date. The model production date is representative of the production date if the two model assumptions are met (i.e. complete purification of uranium from progeny isotopes on the production date and closedsystem behavior post-production). Final uncertainties reported for model dates are expanded uncertainties (k = 2) and take into account all known sources of uncertainty that make a significant contribution to the final uncertainty budget. 
Results and discussion
For most samples analyzed in this study, the uranium concentrations of the primary solutions were previously reported and those values were used in this study to determine model ages. The uranium concentrations of CRM 125-A #1 and #2 as well as CRM U630 #1 and #2 were reported by Eppich et al. [2] ; CRM U100 #1 and #2 were reported by Kayzar and Williams [3] ; and CRM U050 #1 and #2 were reported by Gaffney et al. [4] . New uranium concentration measurements were made for this study on CRM 125-A #3, CRM U630 #2, and CRM U050 #1 and #2 primary solutions. The newly-measured CRM U050 #1 and #2 uranium concentrations are in agreement with the previous results of Gaffney et al. [4] while the newlymeasured uranium concentration of CRM U630 #2 was found to be approximately 0.8% higher than initially measured ca. five years prior by Eppich et al. [2] . Not accounting for this slight increase in uranium concentration would result in an approximately 40 day increase in the 226 Ra-234 U model age of CRM U630 #2, well within the stated uncertainty of [ 120 days. Thus, it is unlikely that the time elapsed between the previous uranium concentration measurements and the measurements of progeny isotopes for this study has produced significant bias in the results. The concern with allowing solutions to sit for extended periods of time is that evaporation may occur resulting in increasing concentrations with time. For samples in this study, most of the uranium concentration measurements were made soon after the primary solutions were prepared. Thus, evaporation over time would be expected to lead to elevated concentrations of 227 Th-234 U model date by * 6 months, whereas the 231 Pa-235 U model dates agree well with the certified model date (Fig. 2) The primary solutions of CRM U050 #1 and #2 were prepared by Gaffney et al. [4] who also reported 230 Th-234 U model dates that were slightly older than the known production date. Additional 230 Th-234 U model dates determined in this study agree well with those previously reported and support the conclusion of Gaffney et al. [4] that CRM U050 was not completely purified of thorium during its production (Fig. 3) . The 231 Pa-235 U, 227 Ac-235 U, and 226 Ra-234 U model dates agree with the known production date of CRM U050, within uncertainty, indicating that uranium was more effectively separated from protactinium, actinium, and radium than thorium during the production of CRM U050. The agreement between the model dates calculated by the four chronometers supports the assertion that the production date of CRM U050 is between October 7 and November 7, 1957 [12] .
Kayzar and Williams [3] Ra-234 U chronometers in four New Brunswick Laboratory uranium certified reference materials, CRM 125-A, CRM U630, CRM U050, and CRM U100. In the case of CRM 125-A and CRM U630, the model dates determined in this study for all four chronometers agree, within uncertainty, with the NBL certified 230 Th-234 U model dates. Additionally, the model dates determined in this study for CRM U050 and U100 using all four chronometers agree, within uncertainty, with their known production dates. The excellent agreement between the four chronometers implies that the production of these materials complied with assumptions made in calculating model dates, specifically that the base uranium materials were completely purified from progeny isotopes during their production and that the materials have behaved as a closed-system since their initial production. In addition to these results, the range in the production dates of the CRMs studied here makes these materials well suited for use as informal reference materials for uranium dating techniques using the 231 [3] . All uncertainties are expanded uncertainties (k = 2)
